Wegelin's design criteria founded on the "1/3 -2/3" filter theory are still to date the most comprehensive models applied in design of roughing filters. This study aimed at verifying these criteria based on gravel as a filter medium and two other possible alternative filter media, namely broken burnt bricks and charcoal maize cobs. Gravel was used as a control medium since it is one of the most commonly used roughing filter media and also because it was used in developing these criteria. The per cent reduction in raw water suspended solids (SS) concentration was compared against the expected model prediction. SS was used as a parameter of choice since the "1/3 -2/3" filter theory is based on SS reduction. A pilot plant study was undertaken to meet this objective. The pilot plant was monitored for a continuous 85 days from commissioning till the end of the project. Results showed that in general, filters filled with charcoal maize cobs and broken burnt bricks were off model prediction by 13% compared to gravel's 15%. The performances also varied in both low-and high-peak periods. It is concluded that the Wegelin's design criteria should be used as a guideline step followed by actual field and laboratory tests to establish the actual filter design parameters in line with the filter media in use and the quality of the raw water to be treated.
Introduction
Hydraulic design of water treatment/filtration plants is mostly based on the various filtration theories that subscribe to the contemporary accepted scientific paradigms. Many of these are developed in laboratories and field studies at different locations with different conditions from where the actual implementation takes place. More often, the extension or implementation of such scientific theories or appropriate technologies is done in a blanket manner. In some instances, this process has led to failure in replication of the expected performance of the respective technology or scientific theory. For instance, Michele and Johannes (2004) in their study to investigate the possible reasons for excessive media losses during backwashing in a number of water treatment plants in South Africa, highlighted certain flaws in the common practices with respect to design of water filtration plants. In this study, they found compelling evidence that design procedures based on oven-dried laboratory samples underestimate the expansion of the bed after it has been in service for a number of months or years. In this regard, they further suggested the application of correction factors in the Dharmarajah and Cleasby model (the most comprehensive to date) to allow for more expansion during eventual plant operation. Given that the structural design of water treatment/filtration plants largely depend on the ensuing hydraulic design, it is thus prudent on the designers and engineers in this field to undertake some validation exercise on the theories (models) before full-scale implementation is carried out. This is important to avoid costly and wasteful utilisation of the available resources.
The application of appropriate technology in the provision of potable drinking water to the rural community needs a proper examination of the underlying principles given the crucial need for its success and sustainability. In most instances though, this exercise is undertaken through duplication of success stories from other regions or in cases where pilot-plant studies are undertaken, insufficient time is given for the development of adequate features and parameters for the adoption of such projects needs.
Use of appropriate technologies such as multistage filtration (MSF), a combination of pretreatment system (e.g. roughing filters) and slow sand filtration (SSF) in provision of potable drinking water to the rural community is being encouraged (WHO, 2004; Ochieng' et al., 2004) . This is so given the success shown by such systems over the years in many countries, e.g. Rwanda (Clarke et al., 2004 ), Ethiopia (Mesfin, 1999 ), Sri Lanka (Jayalath and Padmasiri, 1996 among many others.
The horizontal flow roughing filter (HRF) is commonly applied with SSF especially in the developing countries (e.g. Jayalath and Padmasiri, 1996; Mesfin, 1999; Torabian and Fazeli, 2004) . To date, the most comprehensive model applied in HRF design is based on Wegelin design criteria founded on the "1/3 -2/3" filter theory (Wegelin, 1986; .
The "1/3 -2/3" filter theory
The "1/3 -2/3" filter theory as described by Wegelin (1986 Wegelin ( , 1996 ) is a conceptual filter theory. The literature and principles behind the theory are quite elaborate and it would therefore suffice only to mention the salient points to enhance the reader's understanding of the proceedings hereafter (for in-depth documentation on this theory, refer to Wegelin, 1986; and the references therein).
By logic and experience, a particle in water can bypass a gravel grain (filter-medium grain) either on the left or on the right or settle on its surface. Hence the chance to fall on the grain (success of removal) is 1/3 and 2/3 chance of failure of removal. However, the process continues as there is a second, third and many other grains to settle on. Thus if a given quantity of settleable particles enter the filter, the quantity would be reduced in successive layers as per this probability along the flow path. This theory has been used to formulate models, which give a simple elucidation of the removal kinetics of the roughing filters and hence are further used to describe the filter efficiencies in HRF design. The mathematical description of this theory would show that solids separation by filtration can be described by an exponential equation. Based on Fick's law and other established filter theories, the filter efficiency can be expressed by the filter coefficient λ or (1) where: c = solids concentration x = filter depth λ = coefficient of proportionality also known as filter coefficient Equation (1) states that the removal of suspended particles is proportional to the concentration of the particles present in water.
Assuming the total filter length as a multi-tore reactor consisting of a series of smaller filter cells, the performance of an HRF can be calculated on the basis of the filter cell test results. Neglecting straining mechanisms and further assuming surface chemical conditions to be constant, the total suspended solids (SS) concentration after an element ∆x can be estimated by the following expression: (2) where:
λ i = filter coefficient for each filter cell ∆x = the length of the experimental filter cell c i = concentration of particles of size d pi Equation (2) shows that in knowing the inlet SS concentration, the filter coefficient, and the filter depth (length), we could readily predict the outlet SS concentration and consequently predict the filter performance efficiency. This aids in filter design According to Wegelin (1986; , the effluent quality for an n number of compartments is given by the following expression:
(3) where:
C 0 is the concentration in the HRF influent C e is the concentration in the HRF effluent E i are the filtration "efficiencies" for i = 1, 2… n compartments respectively.
The basic expression for the above relationship is:
(4) where:
λ is the coefficient of filtration (also known as filter coefficient) L is the length of filter.
The filter efficiency is given by:
The values of E i (i = 1, 2… n) are obtained either from tables or graphical nomograms as developed by Wegelin (see mentioned reference for further details). Using Eq. (6) and the total E-value for the whole filter, Table 2 was generated for predicted HRF effluent, C e (expected model output) for every recorded field raw water SS, C 0 .
Objectives
A general objective of the study was to evaluate the performance of possible alternative roughing filter media, using the Wegelin's design criteria for HRF based on the "1/3 -2/3" filter theory.
The reference criterion would be the reduction of SS loads in the raw water. Specific objectives were to verify Wegelin's design criteria for HRF with respect to the study area raw water conditions as this would be unique in characteristics compared to the one used to develop the design criteria (Wegelin used kaolin clay to make up the SS load). The study also endeavoured to determine the suitability of the extension of this criterion to filter material other than gravel. In this case, alternative locally available filter material, i.e. charcoal maize cob and broken burnt brick were tested.
Experimental General
To investigate the research objectives, a pilot plant was built at Moi University water treatment works in the year 2000. The location of the pilot plant at the campus was for convenience and logistic reasons. The plant could, however, have been sited anywhere else. Three filter materials were tested in this study. These were charcoal maize cob, broken burnt brick and gravel. Gravel was used as a control material since Wegelin's criteria were based on experiments carried out using gravel as the filter medium. To enable a comparative study, three HRF units were constructed for each filter material. The three HRF materials were placed each in their own filter units and then simultaneously tested using the same raw water source.
The inlet SS concentration (raw water -same for all the units) and outlet SS concentrations were analysed using the gravimetric method following standard procedures as laid out in Standard Methods (1995) .
Sampling was done three times a week for a period of 85 days. The sampling points were the inlets and outlets of the HRF units. Analysis of the samples was done immediately after sampling in the university's Public Health Laboratory. The experimentation was organised such that both the low flow (dry season) and high flow (wet season) periods were covered during this period.
Pilot plant unit (HRF)
The design and sizing of the pilot plant HRFs were guided by the Wegelin design criteria (Wegelin, 1986 ) based on the preliminary raw water quality data obtained prior to the commencement of the full pilot plant study. Tests done on the raw water feeding Moi University Water Treatment Works showed that the SS concentrations ranged between 60 to 200 mg/ℓ. According to the Wegelin's design guidelines, this falls in the medium range (100 to 300 mg/ℓ) for which filtration rates of 0. (Table 1) were obtained for use in the design of the HRF units. In this case, three compartments were used for each filter unit. The filter was divided into three parts:
• The inlet structure • The outlet structure • The filter bed.
The inlet and outlet structures were flow-control installations required to maintain a certain water level and flow along the filter as well as to establish an even flow distribution along and across the filter. The filter bed was composed of three filter medium packs of different sizes (d g ).
The filter medium was placed in separate compartments starting with the coarsest to the finest, in the direction of flow and operated in series. The first compartment was filled with filter material of effective size 15 mm followed by 10 mm in the second compartment and 5 mm in the last compartment. Perforated wall segments to avoid mixing during cleaning separated each fraction. The filter bed was provided with under-drain systems to enable hydraulic sludge extraction "flushing" to be carried out after a certain running period when the resistance in the bed was observed to be increasing. This was checked via a rise in the water level in the equal distribution chamber (see Fig. 1 ). Since the rate of rise in the filter resistance was not part of the objective of this study, the frequency of flushing was not monitored. The filters were operated at a constant design filtration rate of 0.75 m/h throughout the study period. Figure 1 shows the pilot-plant scale HRF unit used.
Results and discussions
Using Eq. (6) and the total E-value for the whole filter, Table  2 was generated for predicted HRF effluent (C e ) for every 
Validating Wegelin's theory
From Table 2 , it can be observed that the HRF C e (Columns 4, 5, 6) met the required levels for safe and longer SSF operation (< 5 mg/ℓ) in most instances even though none of the filters performed close to the predicted C e according to the Wegelin's model (Column 3). This disparity between the predicted C e and observed C e for the three HRFs is clearly observed in Fig. 2 . Given that the filter operating conditions (except for the filter material) were the same in terms of the filtration rates, material grading, filter sizes and the same raw water source with its particular suspension characteristics, one would have foreseen a possible direct fit of the observed data to the predicted values. However, as expected, the "1/3 -2/3" filter theory could not produce an exact fit as is the case with most filtration theories. This is possibly because, whether simple or complex, the filtration theories provide an interpretation of observed facts concerning the particular filters and suspensions studied by each investigator. These facts are thus not wholly representative of different conditions of filter type and suspension. This observation confirms the findings of other researchers on the applicability of the various filtration theories. Precedence in this field as cited by Ives (1983) was set by among others O'Melia and Werner (1967) who compared several filtration theories by evaluating the relationships which they predict between the filter coefficient (λ) and the variable sand size (d s ), filtration velocity (v) and water viscosity (µ). The results were markedly different.
Performance of HRFs
In terms of the general performance of the HRFs, the following observations were made based on Table 3 . From Table 3 it was observed that none of the HRFs produced the exact prediction in terms of the per cent SS reduction in the raw water. However, the HRFs produced better results during the high peak periods with HRFB, HRFC, and HRFG being off prediction by 3%, 4% and 5% respectively. This observation could be attributed to the fact that during the design of HRFs, the resulting parameters in terms of the filter length and filtration rates were chosen based on extreme conditions. In this study, based on the preliminary tests, a value of 200 mg/ℓ SS was used. This categorised the condition as medium in accordance with the Wegelin criteria. Hence, in the high peak period, the SS, even though not to the design level, could have been high enough to promote sedimentation and other filtration processes such as adsorption to register high removal efficiency.
In the low-peak period, a lower reduction percentage for all the filters was recorded with both HRFB and HRFC being off prediction by 19% and HRFG by 20%. This observation could be attributed to the fact that low SS in the dry season could have possibly reduced the sedimentation process due to a possible increase in the colloidal stability and hence less particle interaction. Consequently, the concentration of settleable particles to be removed in the filter was reduced. This observation is in line with similar studies by Wegelin and other researchers in this field. In such similar studies, it has been shown that stable suspensions rich in colloidal matter are difficult to treat by roughing filters. The addition of coagulants is usually required to enhance the filter performance. The poor performance of HRF in treating stable suspensions rich in colloidal matter could also be attributed to the fact that the dominant removal mechanism in such filters is sedimentation (settlement) with the filter material acting as miniature sedimentation tanks (Boller, 1993; Wegelin, 1996) .
In terms of individual performances, it was observed that in general both HRFB and HRFC performed better than HRFG. Both HRFB and HRFC were off prediction by 13% compared to 15% for HRFG. This observation could have resulted from the reason that both charcoal maize cobs and broken burnt brick have a slightly higher specific surface area and porosity respectively to enhance the sedimentation and other filtration processes compared to gravel. However, in terms of consistency in performance, HRFG was the most consistent followed by HRFC and lastly by HRFB. This was evident in the values of standard deviation of the respective C e where HRFG posted a standard deviation of ±1.047, HRFC ±1.158, and HRFB ±1.207 during the study period. The 
